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a b s t r a c t

In this paper, effects of 160 keV electron irradiated ‘‘Panda’’ type Polarization-Maintaining optical fiber

at 1310 nm are investigated by us. Attenuation coefficient induced in optical fiber by electron beams at

1310 nm increases with increase in electron fluence. Electron irradiation-induced damage mechanism

are studied by means of CASINO simulation program, the X-ray photoelectron spectroscopy (XPS),

electron spin resonance spectrometer (EPR) and Fourier transform infrared spectroscopy (FTIR). The

results show that Si-OH impurity defect concentration is the main reason of increasing attenuation

coefficient at 1310 nm.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Polarization-Maintaining optical fiber offer interesting possi-
bility in the field of fiber optic gyroscope (FOG) because of their
good Polarization-Maintaining properties and their capability for
increment of coherent signal to noise ratio and achieving high
precision measurements of physical quantities [1]. Based on
Sagnac effect, FOG is solid-state angular velocity measurement
equipment [2], which provides accurate information to control
the attitude and trajectory of spacecraft, FOG has been widely
used in space environment. As for the high precision FOG applied
in the field of aerospace, the Polarization-Maintaining optical
fiber is a key component of FOG, which increases the precision of
FOG compared with the normal optical fiber [3].

The spacecrafts running in orbit are irradiated by broad energy
of electron, and long-time irradiation will lead to degradation of
the material performance in this environment [4,5]. Electrons
with energy less than 200 keV in the material have small range,
short term effects of the electron irradiation are unobvious, while
the long term effects are more serious [6]. The results show that
the Polarization-Maintaining optical fiber of the FOG is most
affected in the irradiation environment [7].

‘‘Panda’’ type Polarization-Maintaining optical fiber is a com-
monly used silica optical fiber [8,9]. In recent years, the effects of
ll rights reserved.
electron irradiation on silica optical fiber are a hot topic and have
aroused some attentions due to its application in the field of
aerospace [4,5,10–12]. Klose et al. have studied evolution of the
16 MeV energy of electron irradiation-induced optical fiber loss
with the fluence, and found the linear behavior within the range
of 0–25 Mrad and logarithmic relationship within the range
of 25–191 Mrad [12]. Cruz et al. have investigated the Ce- and
Nb-doped optical fiber loss induced by 10 MeV electron irradiation.
They have found that at 500 Gy dose, the two optical fibers
attenuation coefficient at 1550 nm wavelength were 0.070 dB/Gy
and 0.045 dB/Gy, respectively, and the irradiation-induced loss
changed with the irradiation dose linearly [4]. Yaakob et al.
showed that the effects of 2 MeV energy electron irradiation on
Ge-doped optical fiber were obvious than that of the Al-doped
optical fiber. For the energy 6, 9 and 12 MeV, within 4 Gy dose,
Al-doped and Ge-doped optical fiber, the irradiation response
were linear relationships with dose, and irradiation response
sensitivity of the Ge-doped optical fiber is 2–3% times higher
than that of the Al-doped optical fiber [5].

Previous work showed that irradiation-induced degradation of
optical fiber is mainly correlated with the structure, composition
and production process of the optical fiber [13,14]. Little work
about the effects of electron irradiation on the ‘‘Panda’’ type
Polarization-Maintaining optical fiber has been reported, espe-
cially in the electron energy less than 200 KeV. In this paper,
the effects of the 160 KeV electron irradiate on the ‘‘Panda’’
type Polarization-Maintaining optical fiber in FOG are investi-
gated. The evolution of the irradiation-induced loss with electron
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fluences is discussed, and the electron energy loss distribution in
the optical fiber is calculated by using the CASINO simulation
software. X-ray photoelectron spectroscopy (XPS), electron spin
resonance spectrometer (EPR) and Fourier transform infrared
spectroscopy (FTIR) are used to study the microstructure of the
optical fiber before and after irradiation. The transmittance of the
silica glass with PMMA and PMMA are analyzed by spectro-
photometer and the electron irradiation-induced degradation
mechanism in optical fiber is discussed. The results would
provide the theoretical and experimental reference for application
of the optical fiber in spacecraft.
Fig. 1. Extrapolation of ‘‘Panda’’ type Polarization-Maintaining optical fiber

attenuation coefficient to fluence.

SiO2

PMMA

Fig. 2. Schematic of optical fiber structure simplified model.
2. Experimental

2.1. Experimental sample

The ‘‘Panda’’ type Polarization-Maintaining optical fiber used
in this work was fabricated by Chinese Wuhan Yangtze Optical
Fiber Company. It was prepared by plasma-enhanced chemical
vapor deposition method, the fiber type: PM1310-80-16/170,
fiber Model: PM1016-B. Their structures are as follows: core
(Ge-doped SiO2), stress zone (B-doped and Ge-doped SiO2),
cladding (SiO2), coat (Poly methyl methacrylate, that PMMA).

2.2. Irradiation and test equipment

The fiber was irradiated with 160 keV electron at Space
Materials and Environment Engineering Evaluation Technology
National Key laboratory, Harbin Institute of Technology, China.
Sample was placed in a vacuum clamber with the pressure of
10�4 Pa. Electron beam density of 0.3 mA/cm2, the transversal
dimensions of the electrons beam of 7�7 cm2 and irradiation
cumulative time of 7 h. With and without irradiation, output and
input power of the optical fiber at working wavelength of
1310 nm were measured by AV6331 dual-channel optical power
meters, the fiber attenuation coefficient was calculated.

2.3. Analysis methods

After irradiation, CASINO program based on Monte Carlo
methods was used to simulate the electron irradiation on the
optical fiber, and the energy loss distribution of incident electron
in optical fiber was studied. The EPR, XPS and FTIR methods were
used to analyse the mechanism of irradiation-induced damage.

XPS (PHI5700, American Perkin-Elmer) with an Al Ka source,
EPR (X band A200 paramagnetic resonance spectrometer, German)
and FTIR (VECTOR22 Infrared Spectrometer, BRUKER) with the
resolution of 2 cm�1 and in the range of 400–4000 cm�1 were
used in this work. UV/VIS double beam spectrophotometer
(Lambda 950, American Perkin-Elmer) was used to test transmit-
tance. The transmittance spectra were recorded in the wavelength
range of 900–3000 nm and resolution of 5 nm.
3. Experimental results and discussion

3.1. Experimental results

The ‘‘Panda’’ type Polarization-Maintaining optical fibers were
irradiated with 160 KeV electron beam, Fig. 1 shows the fluence
dependence of attenuation coefficient. The result shows that the
attenuation coefficient increases rapidly with increasing the fluence,
then slowly, and at the higher fluence there is some saturation
in the growth of the attenuation coefficient. For the case of 7�
1015 cm�2 fluence, the magnitude attenuation coefficient changes
from 0.426 dB/Km to 45.89 dB/km and indicates a very significant
impact of electron irradiation on optical fiber properties.

3.2. Electron energy loss in the fiber

Fiber is a complex system composed of multiple materials.
In order to facilitate the use of CASINO program to simulate the
process of electron energy loss, the actual structure of the fiber was
simplified as shown in Fig. 2. Fiber core, cladding and internal stress
zone are made up of silica glass material, and the influence of dope
on electron energy loss can be ignored. Hence this part can be
regarded as a whole body with thickness of 80 mm in diameter. The
average density of SiO2 layer is selected as 2.32 g/cm3. Surfacial coat
(PMMA) with thickness of 40 mm and density of 1.22 g/cm3.

Because the radius of single fiber is only 80 mm, it is completely
enough to choose a radius of 100 mm electron beam. Following
trajectory of 2000 electrons, the energy loss distribution along the
radial direction of the ‘‘Panda’’ type Polarization-Maintaining optical
fiber irradiated by the 160 keV electron is simulated and calculated
by means of CASINO software. Fig. 3 shows distribution of the
incident electron energy loss. It is found that electron energy losses
mainly lie in a pipeline region of the incident direction, and can
completely puncture the coat and fiber core. PMMA absorbs 5–25%
of the electron energy. Some part of SiO2 layer absorbs 50–75% of
the electron energy, while 90% can be reached locally in SiO2.

3.3. Optical fiber irradiation-induced damage studies

3.3.1. FTIR studies on the coat

The FTIR spectra of the PMMA with and without irradiation are
shown in Fig. 4. It is found that a new C¼C bond absorption peak
emerges around 1640 cm�1 after irradiation [15].



Fig. 4. FTIR spectra before and after electron irradiation.

Fig. 5. EPR spectra of unirradiated and electron irradiated cladding and fiber core.

Fig. 3. Distribution of the incident electron energy loss.
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3.3.2. EPR studies

Fig. 5 compares the EPR spectra of unirradiated and electron
irradiated cladding and fiber core. As can be seen from Fig. 5,
there is an obvious resonance signal that emerges in the electron
irradiated sample which is Eg0 center in silica glass, the structure is
of the form �Si� [16–18]. Moreover, with increasing irradiation
fluence, the resonance signal strengthens, which indicates the
enhancement of the Eg0 center concentration [19].

3.3.3. XPS studies

After stripping the coat, the XPS Si 2p spectra of unirradiated
and electron irradiated optical fiber are described in Fig. 6. It is
observed that the peak only appears at the binding energy position
of 102.2 eV without irradiation, indicates that the silica glass
is a complete network structure of the form �Si–O–Si� [20].
In Fig. 6(b), these peaks were divided into two groups, at 99.65 eV
and 100.4 eV, corresponding to the Si-H binding energy [21] and
the Si-OH binding energy [22], respectively.

Fig. 7 compares the XPS O 1s spectra of the unirradiated and
electron irradiated cladding and fiber core. Fig. 7(a) shows a peak
at 532 eV, representing bridging oxygen binding energy in SiO2

network structure [20], and it is agreeing with the Si 2p spectra.
After irradiation, new emergence of peaks at 530.35 eV and
533.14 eV binding energies are shown in Fig. 7(b), in which,
530.3 eV is the binding energy of NBO structure in SiO2 [23],
and indicates that the network structure is broken by irradiation
and form the structure of �Si–O�; 533.14 eV corresponds to the
Si-OH binding energy [24]. The origin of hydrogen within silica
glass due to the fact that it diffuse from the surface of the coat to
inner of the optical fiber in the process of the irradiation.

Stripping the coat of the optical fiber, the main composition of
the remaining part is SiO2. After irradiation, XPS Si 2p spectra and
XPS O 1s spectra are shown in Fig. 8. It shows that no new
absorption peak appears in XPS Si 2p spectra, while a new
absorption peak of 530.4 eV appears in XPS O 1s spectra, repre-
sents the binding energy of NBO in SiO2. However, the absorption
peak correlated with Si-OH never appears in both these XPS
spectra, e.g. there are no Si-OH impurities in the optical fiber
without coat after electron irradiation.

3.3.4. Transmittance analysis

When the electron irradiates on the optical fiber, the electron
incidents on the coat material firstly, and then into the SiO2.
Fig. 9(a) shows a plot of the transmittance of PMMA with and
without irradiation, it indicates that there is no new absorption
peaks appear in the band range of 900–3000 nm with and without
electron irradiation, which means that there are no new defects
affect the transmittance in the regime of these bands.

The silica glass sheet surface is coated with PMMA and
irradiated with electron beam, and the PMMA expose to the
irradiation source. We simulate the situation of the irradiated
Polarization-Maintaining optical fiber. Fig. 9(b) describes the
transmittance of the silica glass with PMMA with and without
irradiation covering the band range of 900–2800 nm. It is found
that with increasing the electron fluence, transmittance at
1390 nm and 2730 nm decrease gradually due to the existence
of Si-OH impurity [27]. It indicates that Si-OH impurity concen-
tration increases with increasing of the electron fluence, and the
absorption is more serious at these two wavelengths. Only the
Polarization-Maintaining optical fiber at 1310 nm with optical
absorption induced by the Si-OH impurity, e.g. the attenuation
coefficient increases, and it proves that the attenuation coefficient
at 1310 nm increase with increasing the electron fluence.

3.4. Electron irradiation-induced damage mechanism of ‘‘Panda’’

type Polarization-Maintaining fiber

Irradiation-induced defects in material leads to optical fiber
power loss after electron irradiation, and the process of the
formation and evolution of defects is complex. Studies on the



Fig. 6. XPS Si 2p spectra of cladding and fiber core: (a) unirradiated and (b) electron irradiation.

Fig. 7. XPS O 1s spectra for cladding and fiber core: (a) unirradiated and (b) electron irradiation.

Fig. 8. XPS analytical spectra for cladding and fiber core after electron irradiation: (a) Si 2p and (b) O 1s.
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basic law of the process and the internal mechanism not only can
help understand adaptability of the optical fiber in the space
environment, but also can provide useful guidance for the
protection technology in orbit of optical fiber. Adequate results
show that irradiation effects on the silica fiber induce Si-OH
impurity defects, resulting in the light absorption of optical
fiber at 1390 nm, so that the attenuation coefficient increases
at 1310 nm [25]. The irradiation effects of the 160 keV electron



Fig. 9. Transmittance with and without electron irradiation: (a) PMMA and (b) silica glass with PMMA.
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irradiated ‘‘Panda’’ type Polarization-Maintaining optical fiber
have been studied in our experiment, the formation mechanism
of the defects within the optical fiber would be explained as
follows.

3.4.1. Irradiation effects in coat

Fig. 10 describes the degradation reaction of electron irra-
diated PMMA [15]. A cleavage of C¼H bond in main chain takes
place, and reacts with methyl, resulting in the formation of C¼C
bond, which has been proved by FTIR studies; on the other hand,
the methyl involved in reaction release particles _H. CASINO
simulation analysis indicates a larger of 160 keV electron
irradiation-induced absorption in the coat, leading to the evolu-
tion of a large number of particles _H. Because particles _H are very
active, some particles _H diffuse into the inner of the fiber in the
process of irradiation.

3.4.2. Formation of irradiation-induced defects in cladding and fiber

core

The CASINO program simulation results show that the incident
electrons can pass through the coat and reach the fiber core. As a
consequence, larger absorption doses are obtained in the fiber
core and cladding. With electron irradiation, strong ionization
effect occurs in this region, results in cleavage of the network
structure of silica glass, the resulting reaction is as follows [25]:

� Si�O�Si� ��!
Electron

� Si�O�þ � Si�þe ð1Þ

The �Si–O bond breaks, resulting in the generation of �Si–O�

and �Si� defects. As can be seen from this reaction, electron
irradiated optical fiber induce the formation of NBO and E0g center
defects [17], which has been verified by the XPS and EPR studies.

3.4.3. Formation reaction process of Si-OH defects

XPS studies show a formation of Si-OH structure in electron
irradiated silica optical fiber. As there is no hydrogen in silica
glass, the only possible origin of hydrogen is coat. Electron
irradiation-induced particle _H in the coat is relatively small,
active and easy to diffuse into the fiber by diffusion. The
irradiation-induced NBO and E0g center defects are unstable, thus,
when the particles _H spread to its vicinity, the following reactions
occur [26]:

� Si�O�þ � Si�þ2HU-� Si�Hþ � Si�OH ð2Þ

In summary, there is Si-OH impurity defects generated in fiber
core and cladding due to this reaction. In fact, irradiation-induced
loss in material is a very complicate process. Magnitudes of final
defects are determined by the two competitive reactions of
generation and annihilation process [27]. Under the irradiation
process, the Si-OH defects may include decomposition process as
follows [28]:

� SiOH-� SiO�þHþ þe� ð3Þ

Therefore, Si-OH impurity defects concentration in the silica
optical fiber are closely related to the evolution of the defects.

3.5. Radiation enhanced diffusion (RED)

RED is a very important physical phenomena in irradiation
[29]. In materials, the generation of the defect is due to
the irradiation-induced damage in material. The diffusion of the
impurity in material enhance greatly in this procedure. The
irradiation-induced defects generate over saturated concentration
on the surface of the material, form big concentration gradient,
leading to the accelerating of the diffusion. According to Trap
theory, considering the temperature and irradiation, the diffusion
coefficient is [30]:

Dðx,tÞ ¼
l2

6
u0 expð�ET=kTÞþ

JCðx,tÞ

N

� �
expð�Em=kTÞ ð4Þ

where l is the average jump distance, u0 is the jump attempt
frequency, J is the particle flux (cm2/s), C is detrapped gap atomic
concentration, N is the number density, ET and Em are the trapping
and diffusion activation energies, respectively. The first term is
heat diffusion; the second term is the irradiation-induced diffu-
sion. The experimental results show that the irradiation can
enhance the diffusion, in the case of high particle fluence and
large impurity concentration for the same depth of material [30].
In the process of the particle irradiation, diffusion of H in SiO2

enhances which is bigger than in pure hydrogen gas environment
[31]. As shown in Fig. 3, the ‘‘Panda’’ type Polarization-
Maintaining optical fiber had a breakdown by 160 kev energy
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electron, resulting in the formation of the defects in optical fiber
core. Although the optical fiber was only irradiated for 7 h, the
defects concentration increases with increasing of the electron
irradiation fluence due to the RED effect. In Si-OH of the silica
optical fiber, the loss is 54 dB/km at 1390 nm [32]. Thereby, the
active particle _H diffuses into fiber core and form Si-OH,
irradiation-induced loss generates in optical fiber.

3.6. Optical fiber attenuation mechanism

In the silica fiber, the basic resonant wavelength of Si-OH bond
is 2730 nm which interacts with the resonant wave of Si–O bond.
A series of peaks produced in transmission band of the optical
fiber, and a greater effective absorption peak is at 1390 nm
wavelength [27]. After electron irradiation, Si-OH concentration
in optical fiber increases, resulting in 1390 nm absorption peak
enhanced and broadened, and 1390 nm absorption peak effect
resulting in the increasing of attenuation coefficient at 1310 nm.
Therefore, in the ‘‘Panda’’ type Polarization-Maintaining optical
fiber at 1310 nm wavelength with electron irradiation, formation
and accumulation of Si-OH impurity defect are the natural
reasons of the increased attenuation coefficient. Since the forma-
tion of the Si-OH defect depends on the NBO and Eg0 center
defects, and these irradiation-induced defects are saturated
defects, thus the Si-OH defects in the ‘‘Panda’’ type Polarization-
Maintaining optical fiber also increase with fluence and tend to
saturation gradually, then the values for the attenuation coeffi-
cient at 1310 nm wavelength tend to saturation at higher fluence.
4. Conclusions

‘‘Panda’’ type Polarization-Maintaining optical fiber were irra-
diated with 160 KeV electron beam and the attenuation coeffi-
cient at 1310 nm wavelengths were investigated, the results show
that the attenuation coefficient increases with irradiation fluence
increasing, and it tends to saturation later. CASINO simulation
result indicates that energy loss are observed in both of the
PMMA and SiO2. FTIR studies indicates that electron beam
irradiation on the PMMA generate C¼C. EPR and XPS studies
shows that Eg0 center generated in SiO2 with electron irradiation.
Spectrophotometer studies show that the varies of the Si-OH
impurities defects concentration are the main reason of attenua-
tion coefficient change for the electron irradiated ‘‘Panda’’ type
Polarization-Maintaining fiber operating at 1310 nm wavelength.
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